Abstract-We demonstrate the experimental realization of a multi-resonant metamaterial for Lamb waves, i.e. elastic waves propagating in plates. The metamaterial effect comes from the resonances of long aluminum rods that are attached to an aluminum plate. Using time-dependent measurements, we experimentally prove that such a medium exhibits wide band gaps as well as sub-and supra-wavelength modes for both a periodic and a random arrangement of the resonators. The extraction of the metamaterial dispersion relation allows us to predict this physics through hybridizations between flexural and compressional resonances in the rods and slow and fast Lamb modes in the plate. We finally underline how the various degrees of freedom of such system paves the way to the design of metamaterials for the control of Lamb waves in unprecedented ways.
Composite materials made out of resonant elements, which are also called locally resonant media, owe their macroscopic properties to the dispersive nature of their unit cell [1, 2, 3, 4, 5, 6] . They can therefore be organized at a scale much smaller than the wavelength, in which case they belong to the family of metamaterials [7, 8] . These media can have bands with very high momentum modes that are equivalent to high effective parameters [4, 9, 10, 11] , or frequency bands with negative effective properties that manifest as band gaps [2, 3, 5, 6, 12, 13] . The width and efficiency of these exotic frequency bands in locally resonant metamaterials depend upon both the spatial density of the resonators and their oscillator strength, which is related to the quality factor of the resonance. Indeed, in the limit of small resonators compared to the wavelength, the smaller the resonator, the higher its quality factor. This justifies why locally resonant metamaterials classically support sub-wavelength modes and band gaps on relatively narrow bandwidths. One solution to overcome this fundamental limitation is to sacrifice a dimension of the physical space by creating a uniaxial metamaterial [11, 14, 15] . This allows the use of resonators that are small compared to the wavelength in two dimensions, while this restriction is relaxed in the third dimension. Such a configuration in perfectly suited for the design of metamaterials for plate waves also called metasurfaces.
In the present work, we take advantage of this idea to present an experimental realization of metamaterials for Lamb waves which present richer characteristics than any previously reported one [16, 17, 18, 19] . To do so, we study a stadium-shaped metallic plate that behaves as an ergodic cavity for these surface waves. A collection of long thin metallic rods are attached on a square portion of the metallic plate. These rods are organized in a periodic or a random pattern, hence providing an ordered or a disordered Lamb wave metamaterial. The propagation of Lamb waves inside and outside these metamaterials is then mapped across a large frequency spectrum. Interestingly enough, both the periodic and the random samples show identical wide band gaps for all of the angles of incidence. The designed ordered and disordered metamaterials also support sub-wavelength and supra-wavelength modes for frequency bands on the edge of the band gaps. Finally, the measured dispersion relations of the metamaterials are compared to those obtained from simulations. While the metamaterial effect usually comes from the hybridization of a single propagating mode with a single local resonance, here we clearly identify the hybridizations of the slow (A0) and the fast (S0) Lamb waves, with the compressional and the flexural resonances of the metallic rods.
